Abstract: Chemical stability is a key component of ensuring that a cosmetic product is safe for consumer use. The objective of this study was to evaluate the chemical stability of commercially available hair cleansing conditioners subjected to high heat stresses from the styling processes of blow drying or straightening. Two hair cleansing conditioners were subjected to temperatures of 60 • C and 185 • C to simulate the use of a blow dryer or flatiron hair straightener, respectively and analyzed via Gas Chromatography-Mass Spectrometry (GC-MS), High-Performance Liquid Chromatography-UV (HPLC) and Fourier-Transform Infrared Spectroscopy (FT-IR) to capture a chemical profile of the samples. The resulting spectra from matched heated and unheated samples were compared to identify any changes in chemical composition. Overall, no differences in the spectra were observed between the heated and unheated samples at both temperatures evaluated. Specifically, no new peaks were observed during analysis, indicating that no degradation products were formed. In addition, all chemicals identified during GC-MS analysis were known listed ingredients of the products. In summary, no measurable changes in chemical composition were observed in the hair cleansing conditioner samples under high-heat stress conditions. The presented analytical methods can serve as an initial screening tool to evaluate the chemical stability of a cosmetic product under conditions of anticipated use.
Introduction
Personal care and cosmetic products are widely used throughout the world, with an estimated worldwide revenue of $265 billion in 2017 [1] . Current regulatory standards, such as those issued by the Food and Drug Administration (FDA) in the United States or the European Union, do not require specific testing to demonstrate the safety of personal care and cosmetic products or ingredients [2, 3] . However, trade industry associations-such as the Personal Care Products Council (PCPC) in the United States and Cosmetics Europe in Europe-have developed resources for industry members to ensure the safety of personal care and cosmetic products. These guidelines include product stability testing, with the goal of ensuring that a "cosmetic product maintains its intended physical, chemical and microbial quality, as well as functionality and aesthetics when stored under appropriate conditions" [4] .
While no standards exist for the stability testing of personal care and cosmetic products, trade associations in the United States and Europe have issued recommendations for stability testing to industry members [4] [5] [6] . These voluntary guidelines are intended to be general recommendations to aid manufacturers in the development of storage and shelf-life instructions for a given personal care or cosmetic product. Specific testing procedures have not been established but each manufacturer is expected to design a stability testing program that is suitable and scientifically sound for the marketed product [5] . Typical stability testing is designed to address three primary areas: (1) physical and chemical stability, including organoleptic properties (color, odor), pH, viscosity, texture and emulsion; (2) potential for microbial contamination; and (3) the impact of packaging on the contained product. Specifically, a number of testing approaches have been developed to evaluate physical and chemical stability under predicted conditions of transport, storage and use. These include elevated temperatures, freeze-thaw cycles, light exposure and mechanical vibration. For example, thermal stability testing may be conducted under accelerated or long-term test periods ranging from one to 12 months, with products typically subjected to temperatures ranging from 25
Stability testing is intended to provide data to establish "an expected use life and label storage instruction" for the product under specific manufacturing and packaging conditions [4] . It should be noted that personal care and cosmetic products may be exposed to stress conditions beyond those anticipated during the transport and storage of a product. For example, physical and chemical stability testing is typically conducted under elevated temperatures up to 45 • C for several months to simulate potential storage conditions. However, hair care products (such as shampoos or conditioners remaining on the hair or skin) may be exposed to high-heat stress from the styling processes of blow drying or straightening. Average temperatures experienced during these styling processes may reach 60 • C or 185 • C, respectively [7] [8] [9] .
Since chemical reactions are accelerated at elevated temperatures, heating processes could alter the composition of the product and subject consumers to exposure of unanticipated chemical(s). Given that standard guidelines for stability may not adequately address such conditions associated with consumer use, such as the heating of products, the purpose of this study was to evaluate the chemical stability of commercially available hair cleansing conditioner products subjected to extreme temperatures commonly experienced during the hair styling process.
Methods

Sample Preparation
Two samples of commercially available hair cleansing conditioners were provided directly to an analytical laboratory from the manufacturer and stored at ambient conditions until the time of analysis. All chemical testing was performed by Avomeen Analytical Services (www.avomeen.com; Ann Arbor, MI, USA). For each chemical analysis, approximately 1 g of product was placed into a 20 mL glass scintillation vial. Two vials were prepared for each sample, one remained at room temperature (unheated) while the other was heated to the indicated temperature (heated). Samples were heated in an incubation oven to the specified temperature for 15 min [10] . To simulate the use of a blow dryer, one sample (sample A) was heated to 60 • C. Meanwhile, the second sample (sample B) was heated to 185 • C to simulate average temperatures experienced during use of a flatiron straightener.
Samples were removed from the oven, allowed to cool to room temperature and then analyzed to compare chemical profiles between heated and unheated samples. For High-Performance Liquid Chromatography (HPLC) and Gas Chromatography-Mass Spectrometry (GC-MS) analysis, samples were dissolved in 10 mL of methanol and vortexed until mixed and dissolved. Samples were filtered using a 0.45 µm PTFE filter and analyzed under the conditions described below.
HPLC-UV Analysis
HPLC-UV analysis was performed using an Agilent 1100 system with a diode-array detector (DAD) using wavelengths of 210 nm, 230 nm, 254 nm and 280 nm. 10 µL of sample was injected and separated using 5 µm Kinetex Luna C18 4.6 mm × 150 mm column at 30 • C. The mobile phase consisted of 85% deionized water and 15% acetonitrile for 20 min, followed by 5% deionized water and 95% acetonitrile for 10 min and finally 85% deionized water and 15% acetonitrile for 15 min at a constant flow rate of 1.0 mL/min. All injections were run in triplicate.
GC-MS Analysis
GC-MS analysis was performed using an Agilent 6890 N with the MSD 5973 system. For matched samples subject to heating at 60 • C, a 0.25 µm HP-5 30 m × 0.32 mm column was used, while a 1 µm DB-5 30 m × 0.25 mm column was used for matched samples subject to heating at 185 • C. All other parameters described below were the same for all tested samples. The sample injection volume was 1 µL at 250 • C. Column flow was constant at a rate of of 1.0 mL/min. The GC oven temperature was programmed at 50 • C and increased to 300 • C at a linear rate of 15 • C/min. Temperatures of the transfer line, quadruple and ion source were 280 • C, 150 • C and 230 • C, respectively. MS analysis conditions were set to detect a mass range of 200-800 Da. All injections were run in triplicate.
FT-IR Analysis
For Fourier-Transform Infrared Spectroscopy (FT-IR) analysis, after heating and cooling to room temperature, samples were placed in a −40 • C freezer for two hours and were subsequently dried for two days at −80 • C using a lyophilizer. Dried samples were analyzed directly using a Perkin Elmer Spectrum 65 FT-IR. Scans were performed over the spectral range of 4000 cm −1 to 600 cm −1 , at a resolution of 4 cm −1 .
Results
HPLC-UV
Several compounds were detected in the HPLC chromatograms of the matched unheated and heated samples for both 60 • C and 185 • C at all wavelengths examined. Representative chromatograms for matched heated and unheated samples examined at 254 nm are presented in Figure 1A ,B. The number of compounds, retention time and peak area for each sample were found to be reproducible based on triplicate analysis. No differences were observed in the matched heated and unheated samples for both the blow dryer and hair straighter scenarios. Specifically, all of the peaks in the chromatograms for the matched unheated and heated samples had the same retention times and any difference in peak height or area under the curve for the compounds in the matched unheated and heated samples was less than 12%.
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GC-MS
Nine compounds were identified in sample A in the matched unheated and 60 • C heated analyses (Figure 2A ). Several peaks in the chromatograms were also found in the blank injection samples and were therefore not labeled and disregarded from the analysis. The number of compounds, retention time and peak height for each sample were found to be reproducible based on triplicate analysis. No differences were observed in the number of compounds, retention times or peak height between the unheated and heated samples. Chemical compounds for the nine peaks were identified through a known spectra library (Table 1) .
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Figure 2.
Representative total ion chromatograms of matched unheated (black) and heated (grey) samples with heating to 60 °C (A) or 185 °C (B). Numbered peaks were those identified by comparison to a known spectra library (see text for details). Unlabeled peaks in the chromatograms were also found in blank injections and were thus not subject to identification. 
Stearyltrimethylammonium chloride -Seven compounds were identified in sample B in the matched unheated and 185 °C heated analyses ( Figure 2B ). The number of compounds, retention time and peak heights for each sample were found to be reproducible based on triplicate analysis. No differences were observed in terms of peak number, retention time or peak area between the unheated and heated samples. The identified chemical compounds are presented in Table 1 . All of the chemicals identified in the GC-MS analyses for both products were listed as ingredients or components of ingredients in the respective commercially available cleansing conditioners. . Numbered peaks were those identified by comparison to a known spectra library (see text for details). Unlabeled peaks in the chromatograms were also found in blank injections and were thus not subject to identification. Table 1 . Compounds identified in hair cleansing conditioner products during Gas ChromatographyMass Spectrometry (GC-MS) analysis.
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Stearyltrimethylammonium chloride -Seven compounds were identified in sample B in the matched unheated and 185 • C heated analyses ( Figure 2B ). The number of compounds, retention time and peak heights for each sample were found to be reproducible based on triplicate analysis. No differences were observed in terms of peak number, retention time or peak area between the unheated and heated samples. The identified chemical compounds are presented in Table 1 . All of the chemicals identified in the GC-MS analyses for both products were listed as ingredients or components of ingredients in the respective commercially available cleansing conditioners.
FT-IR
The FT-IR spectra of the matched unheated and heated samples are shown in Figure 3 . No significant changes were observed between the matched unheated and heated samples upon heating to 60 • C or 185 • C. There were no additional peaks or shifts in absorption, nor was there any evidence of loss of absorption upon heating.
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Discussion
This study demonstrates the use of analytical methods to examine the chemical stability of a personal care product under simulated conditions of use. Specifically, we subjected samples from a commercial hair cleansing conditioner product line to temperature stresses experienced during the hair styling processes of blow drying or hair straightening. No changes in the chemical composition of matched unheated and heated samples were observed via HPLC, GC-MS and FT-IR analyses. Specifically, no other products were observed after heating samples to 60 °C or 185 °C, indicating that no detectable degradation products were formed following high temperature stress. This approach represents a form of stability testing that can be adapted to evaluate specific stressors that may be encountered during the anticipated use of a particular personal care or cosmetic product.
This analysis provides an example of examining the chemical stability of a hair cleansing conditioner subjected to temperatures outside the bounds of standard stability testing guidelines due to the increased temperatures experienced during hair styling processes. These extreme temperature variations are examples of conditions that can be incorporated on a product-specific basis when developing a stability testing program.
Ensuring the stability of ingredients used in personal care and cosmetic products under situations of high heat stress may be necessary to assure that consumers are not exposed to unforeseen chemicals, which could result in adverse health effects. Ingredients such as fragrance chemicals, preservatives and "natural" products, including botanicals and essential oils, have been identified as allergens with the potential for inducing skin sensitization [11] [12] [13] . Specifically, several chemicals found in fragrances and botanicals are subject to oxidation that may impart allergenic potential to the resulting degradation product. Examples of this include the auto-oxidation products resulting from degradation of commonly used cosmetic ingredients, such as geraniol, linalool, limonene and constituents of lavender oil [14] [15] [16] [17] [18] .
Temperature is known to be an important determinant in the stability of chemicals and oxidative degradation may be enhanced with increasing temperature. Specifically, the Arrhenuis equation demonstrates that chemical reaction rate increases with increasing temperature [3, 19, 20] . While others have examined factors of product stability among personal care and cosmetic products (including storage temperature, ethanol, pH and UV light), this is the first known study to evaluate 
This study demonstrates the use of analytical methods to examine the chemical stability of a personal care product under simulated conditions of use. Specifically, we subjected samples from a commercial hair cleansing conditioner product line to temperature stresses experienced during the hair styling processes of blow drying or hair straightening. No changes in the chemical composition of matched unheated and heated samples were observed via HPLC, GC-MS and FT-IR analyses. Specifically, no other products were observed after heating samples to 60 • C or 185 • C, indicating that no detectable degradation products were formed following high temperature stress. This approach represents a form of stability testing that can be adapted to evaluate specific stressors that may be encountered during the anticipated use of a particular personal care or cosmetic product.
Temperature is known to be an important determinant in the stability of chemicals and oxidative degradation may be enhanced with increasing temperature. Specifically, the Arrhenuis equation demonstrates that chemical reaction rate increases with increasing temperature [3, 19, 20] . While others have examined factors of product stability among personal care and cosmetic products (including storage temperature, ethanol, pH and UV light), this is the first known study to evaluate whether the stability of hair care products is impacted by temperature variations experienced during the hair styling process [21] [22] [23] . Analytical methods, including HPLC and mass spectrometry, have been used with increasing frequency in the field of cosmetics to assess the chemical nature of product formulation and potential degradation products [24, 25] . These approaches can be used to achieve a high degree of specificity and sensitivity lacking in less sophisticated methods. The methods applied in this analysis were intended to provide a screening-level assessment of potential chemical changes resulting from exposure to extreme temperature variations. While the methods utilized in this analysis were intended to detect a variety of chemicals present in hair cleansing conditioners (volatile vs. non-volatile, organic vs. non-organic), it was not designed to identify all potential compounds and their concentrations. Based on a product's formulation and any particular concerns about any individual ingredient or chemical, more specific procedures and analyses beyond the screening-level approach discussed here can be developed as part of a stability testing program. For example, several authors have developed the means to detect chemicals capable of inducing skin sensitization resulting from the oxidation of fragrance materials [26, 27] .
While this analysis was intended to simulate the impact of high temperature stress of hair-care products, it is important to recognize that it is not completely representative of conditions experienced by the consumer. Consumer product usage surveys have reported that the mean amount of shampoo and conditioner product applied per application is 11 g and 13 g, respectively [28, 29] . However, only one percent of the product is expected to remain on the hair and skin following washing and rinsing [30] . Therefore, it is likely that any product remaining on the hair and skin would form a thin film, with an increased surface area to volume ratio than the form of the product examined in the current study. Under these conditions, heating may lead to changes in temperature distribution, increased loss of volatile chemicals through vaporization, or increased oxidation reactions. Future analyses may seek to address such issues.
Conclusions
Overall, this analysis provides evidence that subjecting a commercial hair cleansing conditioner to temperatures which may be experienced during the hairstyling process does not result in detectable degradation of the product. These results suggest that consumers would not be exposed to any unforeseen chemical constituents that could be formed as a result of product degradation from high-heat stress. The presented analytical methods can serve as an initial screening tool to evaluate chemical stability of a personal care or cosmetic product under conditions of anticipated use.
